Paper production generates large quantities of a solid waste known as papermaking sludge (PS), which needs to be handled properly for final disposal. The high amount of this byproduct creates expensive economical costs and induces environmental and ecological risks. Therefore, it is necessary to search uses for PS, in order to reduce the negative environmental impact and to generate a more valuable byproduct. Due to the cellulolytic composition of PS, this work evaluated a solid state fermentation process using it as substrate to obtain spores of the fungus Trichoderma asperellum. Optimal conditions to obtain T. asperellum spores were: 60% water content, 3% (w/w) salts (Nutrisol P ® and Nutrisol K ® ), inoculum concentration at 1x10 5 spores/g, and pasteurized or sterilized PS. Under these conditions it was possible to obtain 2.37x10 9 spores/g. T. asperellum spores applied directly to pepper (Capsicum anuum) seeds without PS increased significantly seedling dry mass in greenhouse assays. This work suggests an alternative, economic and abundant substrate for production of T. asperellum spores.
Introduction
The papermaking process generates large quantities of waste known as paper sludge (PS), which is basically composed of cellulose fibers unsuitable for papermaking. Disposal of PS has become an environmental and social problem (1, 2) due to physical-chemical and mechanical characteristics and decomposition processes. Additionally, high costs associated to transport of sludge and payments of taxes for discharge in landfills, have led to consider alternatives for its use.
Final disposal of PS in a sustainable way represents a challenge for all paper manufacturing companies around the world. Several reuse options have been proposed for PS, which include composting, production of commodities such as clay bricks, oil absorbent, animal feed formulations, lime, cellulases, fuels, carbon source in fermentations, etc., (3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15) . These alternatives should consider not only the use of PS as raw material, but must also be compatible with disposal costs in landfills to be attractive to industry and satisfy the adequate processing of the huge quantities of PS produced, according to principles of circular economy (16) for sustainable development.
The high content of cellulose in PS, could offer an alternative carbon source for biotechnological processes using cellulolytic microorganisms. Several species of the fungus Trichoderma, besides the cellulolytic capacity (17, 18, 19) are also excellent biocontrol agents of phytopathogenic fungi, plant growth inducers and resistance stimulators, among other properties (20, 21, 22) . Thus, PS could be used as a carbon source for mass production of Trichoderma. In previous work (23) PS was used to obtain Trichoderma reseei biomass, obtaining relatively low yields (2.28x10 8 spores/g) compared to other substrates. Therefore, the aim of this study was to optimize the Trichoderma mediated fermentations process using PS as sole carbon source. Parameters such as water content, salt concentration, heat treatment, spore concentration and its effect on the germination and growth of Capsicum anuum were evaluated.
Materials and Methods

Biological material
Strain TV190 (Trichoderma asperellum) from corn fields of Venezuela, was used for this work. The strain was isolated and molecularly identified in Centro de Biotecnología Aplicada, Departamento de Biología, Facultad de Ciencias y Tecnología, Universidad de Carabobo (24) . For greenhouse assays, Capsicum anuum seeds Conquistador variety (Brimport brand, Lot # 1228-8541 02/13), were used.
Paper sludge (PS)
Paper sludge was obtained from the Liquid Effluent Treatment Plant of the Hygienic Division of "Manufacturas de Papel CA (MANPA) SACA", a manufacturing paper company located at Maracay, Aragua State, Venezuela.
Water adsorption isotherm of PS
PS samples with different water contents were used to determine water activity (a w ) , using a Model CX2 water activity meter, Decagon Devices. After obtaining a w values, water content was measured for each sample with a moisture analyzer Mettler, Model LJ16. Data were used to graph the water adsorption isotherm correlating water content to water activity at constant temperature (27 °C) .
Inoculum production of T. asperellum
The inoculum used for solid state fermentation process (SSF) was prepared from PDA (potato dextrose agar, HiMedia) cul-tures incubated for eight days at 27 °C. A solution of 0.1% (w/v) Tween ® 80 was added to sporulated culture. Concentration of spore suspensions was determined using a Neubauer chamber and adjusted according to the required concentration in each experiment.
Solid state fermentation (SSF)
To carry out SSF, the PS was hydrated, supplemented with salts and sterilized at 121 ºC, 15 psi during 15 minutes. Finally, 15 g of this preparation were inoculated with an aliquot of T. asperellum spore suspension. The water content, the salts Nutrisol P ® (NP) and Nutrisol K ® (NK) (Agromarketing C.A. Guacara, Venezuela; Table 1 ) and T. asperellum spore concentration are detailed for each experiment in the figure legends. Fermentation process was carried out in aluminum trays (15 x 20 cm) placed inside transparent plastic bags. After incubation at 27ºC for 7 days, the fermented paper sludge (FPS) was suspended and washed twice with a 0.1 % (w/v) Tween 80 ® solution. Spore concentration was determined using a Neubauer chamber. Five replicates of each treatment were performed. Results were expressed in spores/g of dry PS.
Greenhouse assays
Fermented and sporulated paper sludge (FPS) was mixed with soil at a ratio of 1:2 in germination trays. A C. anuum seed was planted in each well (2x2x4 cm). It was included a treatment without FPS, in which seeds were submerged in a T. asperellum spore suspension (10 7 spores/mL) for one hour. Soil was obtained from the Lake of Valencia basin in "Manufacturas de Papel CA (MANPA) SACA". Fifty seeds per treatment were used.
Determination of C. anuum growth
Germinated seeds were counted daily. At the end of the test (45 days), aerial and root dry biomasses were determined. Roots were separated from soil carefully by washing with tap water. Aerial and root parts were dried at 60 ºC until constant weight and dry biomass determined.
Statistical analysis
Descriptive statistics were applied to whole data, reporting mean and standard error. An exponential regression was applied to water adsorption isotherm to obtain an equation that relates water content to water activity for PS at 27 ºC. Additionally, ANO-VA and Tukey means comparison test were performed to verify significant differences between treatments. All experiments were repeated at least twice. The program Statistix v 8 was used.
Results
Water adsorption isotherm
The water adsorption isotherm is shown in Fig. 1 , in which for water content values greater than 30%, water activity (a w ) is above 0.95, enough to support Trichoderma growth (26) . From exponential regression, an equation was obtained (w c =0.421e 4.3442aw ) relating water content to water activity. In this sense, it is possible to calculate water activity from water content data. According to this, and to guarantee appropriated conditions for the Trichoderma/PS fermentations, it is necessary to adjust water content to a minimum of 30%.
Solid State Fermentation (SSF).
Water content. T. asperellum growth was evident in the 30-90 % of water content; at 10% no growth was observed. The higher yields were obtained at water contents of 60 and 70% (1.42x10 9 spores/g) ( Fig. 2) , showing significant differences compared with the other treatments (p = 0.0005). At water contents of 80 and 90%, yield decreased to 7.65x10 8 and 8.7x10 8 spores/g, respectively.
Mineral salt content. In Fig. 3 , higher yields were obtained at salt concentrations of 3 and 4% (2.17x10 9 and 2.23x10 9 spores/g, respectively) and significant differences were observed respect to other treatments (p = 0). Besides, in treatments without salts, no growth was observed (data not shown).
Inoculum concentration. To determine the amount of inoculum necessary for a uniform growth of T. asperellum, the optimal inoculum concentration was determined. No significant differences (p = 0.2185) were detected in the range of yield values between 1.14x10 9 and 2.20x10 9 spores/g ( Fig. 4) . Although differences among treatments were not detected, the highest yield was obtained using as inoculum 2x10 5 spores/g.
Heat treatment to prepare substrate. In these experiments, several heat treatments were applied to PS (Fig. 5) , obtaining significant differences (p = 0). Treatment B (PS sterilized) and C (PS pasteurized) rendered the highest yields (1.40x10 9 and 1.07x10 9 spores / g, respectively). Based on these assays, it seems desirable to submit the substrate to pasteurization (100 ºC/30 min), previously to the fermentative process.
Greenhouse assays
The seed germination started after 9 days and culminated the 24 th day. No differences in the germination time and number of germinated seeds were detected, under the different used conditions (data not shown). The aerial and root dry biomass in C. anuum under different cultivation conditions are shown in Statistical analysis for aerial and root biomasses, revealed significant differences between treatments (p = 0). The D treatment showed the highest value for both aerial and root biomasses (14.42 and 6.39 mg, respectively). Unexpected, in the C treatment containing FPS, the increase of biomass reached values of 7.07 and 3.76 mg for aerial and root respectively, representing half of the values in D treatment. No differences were found among treatments A, B and C for root biomass.
Discussion
In SSF, one of the most important parameters is water content which could become a limiting factor due to the low humidity characteristic of these systems. However, water content per se does not necessarily provide relevant information about water availability for microbial growth, since there may be substrates with low water availability having relatively high water content. In other words, the relationship between both parameters is not linear. This fact may cause limitations on microorganism growth, because filamentous fungi require high levels of a w for growth on solid media (25) . Therefore, it is important to determine optimal water activity in SSF. In this work we reported a relationship between w c and a w for PS. Similar water activity values were reported in SSF using PS under anaerobiosis with Clostridium thermocellum 27405 to obtain lactate, ethanol and acetate (27) . Although isotherm realized by these authors does not cover the same water contents as in our work, the same minimum water content was recommended to obtain adequate water availability in the process. By using a wider range of water content in this work, it was possible to obtain an equation that correlates water content to water activity for PS. It has been reported that using Trichoderma in SSF at 70% water content induced greater sporulation (28) . SSF with very low humidity reduced water availability and nutrient solubility, while very high water content decreased interparticle airspace causing a lower oxygen transfer, phenomenon previously observed (27) , determining that increases in water content in solid cultures, improved the performance of the anaerobic bacterium C. thermocellum. In this way, it was decided to continue this work using a water content of 60% to avoid limitations due to water excess or defect. It has been determined the feasibility of SSF using PS as substrate to obtain Trichoderma spores (23) . However, these processes gave lower yields than those obtained with other conventionally substrates (rice and corn) for mass production of Trichoderma in our Laboratory. Therefore, for increasing the biomass yields in this system, different parameters such as mineral salts content, spore inoculum concentration and heat treatment were evaluated. Previous report (23) indicated that PS should be supplemented with salts in order to support Trichoderma growth. This fact was evident in our work from treatment with no salt in which growth was not observed. For industrial processes, media components must guarantee economic feasibility. In this sense, agricultural fertilizers NP and NK were used to amend PS. The relative proportions among some elements, particularly the C/N ratio is important for the fungal growth (29) . In the case of Trichoderma spp, various studies have recommended optimal values of C/N ratio between 6 and 26 (30, 31) . It has been suggested that sporulation is more affected by C:N ratio than by C and N concentration per se, being this ratio for Trichoderma viride 10:1 (32) . In our case, considering the N content in NP and NK, the optimal PS/N ratio was 17.5. Fertilizers NP and NS, supplied not only nitrogen but also crucial elements for fungal growth like phosphorus, potassium, sulphur and magnesium, among others. Another parameter for an optimal SSF is inoculum concentration, which must be enough to obtain homogenous and fast substrate colonization. In SSF using rice (33) , no significant differences in yields were reported by varying inoculum of Trichoderma sp. from 1x10 6 to 1x10 8 spores/g). In the range of inoculum concentrations of 2x10 3 and 2x10 6 spores/g, we did not observe differences in yield; this could be due to the fast and abundant growth characteristic in Trichoderma. For industrial processes, it is necessary to determine costs of inoculum production in order to make a decision relating optimal growth and economy. For mass production processes, sterilization treatment could result in higher production costs; therefore, pasteurizing rather than sterilizing, could make the process more profitable. According to our data, it is enough to pasteurize PS to initiate a SSF using T. asperellum. Our work suggest that PS, an economic and abundant carbon source, could be used in SSF to produce T. asperellum spores in industrial processes, although spore recovery after fermentation, final formulation, storage stability, as well as economic feasibility, need more research.
To assess the effect of fermented PS on the C. anuum seedlings growth, it was used as amend to soil and three parameters were determined: the number of germinated seeds and the aerial and root dry mass. No differences in germination rate were detected, which may be explained assuming that seed germination depends basically on the nutrients inside the seed, the appropriate temperature and water availability. External nutrients seems no exert important effects on the seed germination in C. anuum. Aerial and root dry mass values demonstrated that T. asperellum stimulated seedlings growth, which have been reported by (34) working with tomato, brinjal, chilli, okra, ridge gourd and guar, suggesting that seed germination and development is dose dependent. In other work (35) using several isolates of Trichoderma spp., it has been reported an increased in seedling development of C. anuum. Similarly, working with pepper plants in greenhouse, an increase in growth using native strains of Trichoderma spp has been reported (36) . Applications of Trichoderma spp. in different cultures generally resulted in more vigorous plants, with greater weight and root development (37, 38) which depends on inoculum and substrate type (39) . Notably, the lower growth observed with FPS, could have been due to a relative high amount of it in the small spaces of the germination wells. Also, the addition of FPS to soil and not directly to seed could reduce contact, decreasing its effect on seedling development. The results suggest that it is better to apply T. asperellum spores directly to seed, and FPS directly to soil in field, although greenhouse and field assays are necessary.
Conclusions
Results obtained in this study corroborate that use of the PS is feasible to perform SSF for the production of fungal biomass (spores) of T. asperellum. Water adsorption isotherm for PS showed that values of at least 30% water content are required to reach values of water activity greater than 0.95 needed for fungal growth. It was determined that with a water content at 60 to 70%, salt (NP/NK) concentration at 3% (w/w), inoculum concentration at 2x10 5 spores/g, and pasteurized or sterilized substrate, it is possible to obtain yields at 2 x 10 9 spores/g), comparable to those obtained with other substrates like rice. Downstream processes efficiency, cost studies and economic feasibility must be determined.
The better result for growing C. anuum plants, inoculations of seeds by submerging them in a spore suspension, significantly favors the C. anuum plant development. It is necessary to perform greenhouse and field assays, applying T. asperellum directly to seeds and transplanting seedlings adding FPS on soil.
